The convention of prescribing hemodialysis on a thrice weekly schedule began empirically when it seemed that this frequency was convenient and likely to treat symptoms for a majority of patients. Later, when urea was identified as the main target and marker of clearance, studies supported the prevailing notion that thrice weekly dialysis provided appropriate clearance of urea. Today, national guidelines on hemodialysis from most countries recommend patients receive at least thrice weekly therapy. However, resource constraints in low-and middle-income countries (LMIC) have resulted in a substantial proportion of patients using less frequent hemodialysis in these settings. Observational studies of patients on twice weekly dialysis show that twice weekly therapy has noninferior survival rates compared with thrice weekly therapy. In fact, models of urea clearance also show that twice weekly therapy can meet urea clearance "targets" if patients have significant residual function or if they follow a protein-restricted diet, as may be common in LMIC. Greater reliance on twice weekly therapy, at least at the start of hemodialysis, therefore has potential to reduce health care costs and increase access to renal replacement therapy in low-resource settings; however, randomized control trials are needed to better understand long-term outcomes of twice versus thrice weekly therapy.
The overwhelming majority of persons with end-stage renal disease in the United States, Western Europe, Australia, or Japan initiate in-center hemodialysis for 3-4 hours per session, three sessions a week. Why is thrice weekly hemodialysis "conventional"?
HISTORY OF THRICE WEEKLY HEMODIALYSIS
Schribner et al. provide a narrative rationale. 1 In the early 1960s, nephrologists at the Seattle Kidney Center had been customizing the dose and frequency of hemodialysis to treat persons' uremic symptoms (among the most recalcitrant was peripheral neuropathy). In 1966, they reported success in treating 22 persons, mostly via a twice weekly schedule (Table 1) . 2 Of note, they asked patients on dialysis to follow a 400 mg sodium, 40 g protein restricted diet.
When the Center began a home hemodialysis program, persons expressed an interest in shorter sessions while sleeping at night. Thus, the nephrologists split the approximately 24-30 hours of total dialysis time in [8] [9] [10] hours three times weekly. As the authors put it: "It soon became obvious that dialysis 8 to 10 hr three times weekly seemed to control all the major life-threatening complications. As a result, this became the usual dialysis schedule and we stopped our crude efforts to adjust the treatment schedule based on patient symptoms. 1 " With the advent of higher surface area dialyzers, session length gradually shortened but the thrice weekly frequency became embedded in the conventional hemodialysis prescription, and, when Medicare began funding dialysis in 1973, in the reimbursement lexicon.
Around the same time, the National Cooperative Dialysis Study (NCDS), the first large-scale clinical trial focused on hemodialysis dose, evaluated the frequency of uremia-associated hospitalization among patients randomized to higher versus lower time-average urea targets, and longer (4.5-5 hours) versus shorter (3 hours) session length; the latter was used as a proxy for middle molecule clearance. 3 Subsequent trials have studied whether higher Kt/V urea targets, longer session lengths, or more frequent treatment schedules improve outcomes, but none have studied whether less frequent hemodialysis might be sufficiently therapeutic. Current guidelines from nephrology societies based in the United States, Europe, and Japan generally assume at least a thrice weekly frequency; only two describe a less frequent strategy in the presence of significant residual function (Table 2) .
PREVALENCE OF TWICE WEEKLY DIALYSIS AND ASSOCIATED OUTCOMES Prevalence
Resource constraints in middle-income countries with burgeoning numbers of patients with end-stage renal disease (ESRD)-such as India, China, and Iran-now translates into a substantial proportion of the persons able to access hemodialysis undertaking fewer than three sessions per week ( Figure 1 ). 
Survival
While high quality data are sparse, most observational data show no difference in survival among persons on thrice or more versus twice weekly hemodialysis. Table 3 summarizes the available observational data on survival on twice versus thrice weekly hemodialysis. Lin et al. studied a cohort of 2,572 persons receiving maintenance hemodialysis from the Shanghai Renal Registry and found that survival rates of persons receiving twice weekly dialysis were noninferior to those of persons receiving thrice weekly dialysis. 17 In certain subgroups, including persons starting dialysis or those extended dialysis vintage (longer than 5 years), persons on less frequent hemodialysis experienced better survival. While data on residual kidney function were not available, it is reasonable to assume that most patients whose vintage was 5 or more years had negligible residual kidney function-but also important to consider that the patients who survived for 5 years likely enjoyed greater health at the start of dialysis. 17 Obi et al. performed a retrospective analysis of patients receiving hemodialysis at facilities operated by DaVita, Inc., a large for-profit dialysis provider in the United States. Among 23,645 prevalent patients, roughly 2% (n 5 351) were prescribed twice weekly hemodialysis regimen for at least 52 weeks at the start of their dialysis experience. 18 Patients on twice weekly dialysis with little to no residual kidney function experienced higher all-cause mortality compared with those with similarly low residual kidney function on the thrice weekly schedule. In contrast, among patients with substantial residual kidney function (i.e., residual urea clearance >3 mL/min/1.73m 2 , matching Figure 1 Available data on distribution of persons receiving <3 versus 3 sessions of hemodialysis per week by country. Adapted from Bieber et al. 11 We added data from Saudi Arabia, Turkey, Qatar, Jordan, Iran, Thailand, Sudan, Pakistan, India, and Iraq. 3, [12] [13] [14] [15] [16] Data from Jordan, Qatar, Iran, and Turkey are drawn from national registries, data from Pakistan, Iraq and Saudi Arabia are drawn from from multi-center studies, and data from India, Thailand, and Sudan are drawn from single-center studies. 3, [12] [13] [14] [15] [16] Reproduced with permission. [Color figure can be viewed at wileyonlinelibrary.com] In contrast, a prospective study by Hwang et al. found that the cohort on twice weekly hemodialysis had a higher mortality rate compared with the cohort on a thrice weekly schedule when both groups had some residual kidney function (defined as urine output of at least 100 mL/ day). 20 While the study was well designed with rigorous ascertainment of residual kidney function, the number of events in each group was small (11 deaths in total), so that confidence in the validity and precision of the result is limited. Of note, the exact volume of urine output is unknown, as patients reported whether or not the output was at least one cup. Another study in the United States. conducted by Hanson et al. found prevalent patients on a twice weekly schedule had a 24% lower mortality risk, but there was no difference in mortality among incident patients after adjustment for residual kidney function. 19 Other outcomes: residual kidney function, nutrition, and quality of life Evidence is fairly consistent that less frequent dialysis is associated with preserved residual kidney function-the key question is whether preserved residual kidney function facilitates success on twice weekly hemodialysis (which we believe to be likely), twice (relative to thrice) weekly hemodialysis preserves residual kidney function, or both. In the study by Obi et al., regardless of the initial level of residual kidney function, patients on the "incremental" (twice weekly hemodialysis at initiation) schedule experienced more sustained residual kidney function relative to patients on a conventional thrice weekly schedule. 18 A Taiwanese study corroborates the notion that less frequent hemodialysis might help to preserve residual kidney function. Patients receiving thrice weekly hemodialysis experienced a faster decline in residual kidney function than patients receiving twice weekly hemodialysis, although these results were likely confounded by patient age (as younger patients tend to have more rapid progression of chronic kidney disease (CKD), and were also more likely to be on thrice weekly hemodialysis). 21 At the end of the study, the twice weekly cohort had lower B2-microglobulin levels and pre-and post-HD mean arterial pressures. Even in the study by Hwang et al., which showed overall poorer survival in the twice weekly group, loss of residual kidney function loss was more rapid in the thrice weekly group. Whether these findings reflect a true "protective" effect of less frequent hemodialysis, or an "effect-cause" phenomenon made evident by the definition of incremental therapy, is unknown.
Data linking the frequency of hemodialysis and dietary intake are mixed. In the study by Obi et al., patients on the twice weekly schedule had similar normalized patient catabolic rate (nPCR) (1.0 vs. 1.1 g/kg/d) and serum albumin concentrations, compared with those on the conventional thrice weekly schedule. 18 In contrast, Bieber et al. found that Chinese patients dialyzing twice weekly schedule had an nPCR which was lower (0.68 versus 0.83 g/kg/day) but a serum albumin concentration which was similar to that of patients dialyzing thrice weekly. 11 This indicates that protein intake was lower in the patients on twice weekly treatment.
Effects of twice versus thrice weekly hemodialysis on health-related quality of life and hospitalization are largely unknown. In their study of twice versus thrice weekly hemodialysis in China, Beiber et al. utilized the Medical Outcomes Study Short-form-12 (SF-12) to assess healthrelated quality of life and found that patients on twice weekly hemodialysis had slightly lower scores in both the physical and mental domains of health-related quality of life, when adjusted for differences by age and sex. 11 Although one might expect a higher rate of hospitalization due to fluid overload with less frequent hemodialysis, patients in the Hwang et al. study and on the less frequent schedule did not have a substantially higher rate of hospitalization due to cardiovascular events during the course of the study. 20 Assuming that hospitalization rates and costs are comparable to thrice weekly hemodialysis-for example, because the greater risk for fluid overload and/ or electrolyte imbalance on less frequent therapy is overcome either by residual kidney function or by stricter diet restrictions-less frequent hemodialysis would be expected to lower health care costs. 22 
Sources of bias in available data
Since all available data on twice weekly hemodialysis and outcomes are from nonrandomized studies, they are first and foremost subject to confounding by indication (in other words, patients assigned to twice weekly rather than thrice weekly hemodialysis are likely to be different in ways that are not measured). Physicians are likely prescribing twice-weekly hemodialysis to patients whom they think can withstand the less frequent schedule, and perhaps enjoy greater overall health. For example, in the studies from China and Taiwan, patients on twice weekly hemodialysis were more likely to be female and had lower rates of diabetes. 11, 17, 21 In the US study by Hanson et al., patients in the twice weekly cohort were more likely to be female, Caucasian, employed, and have graduated from high school. 19 In the study by Obi et al. from DaVita, patients prescribed twice-weekly hemodialysis were older and also more likely to be female and Caucasian. 18 In contrast, in the Korean cohort-the only study to so far demonstrate poorer survival in association with the lower frequency of dialysis-patients on twice weekly hemodialysis were generally less healthy at baseline: slightly older, more likely to have cardiovascular disease, and had worse baseline nutritional status (as indicated by nPCR) compared to patients receiving thrice-weekly therapy-factors that may have influenced the regimen to which patients were assigned and may be related to outcomes. 20 Another potential source of bias in a majority of available studies is survival bias ( Table 2) . Since enrollment at the start of dialysis was not mandated, persons who may have died relatively early will be missed; it is conceivable that persons assigned the less frequent therapy are more likely to die early than persons assigned the conventional therapy. Even the study from Obi et al. which examined data from the start of dialysis required persons in their cohort to be alive at 1 year post start of dialysis. 18 Despite the limitations in current data, the preponderance of evidence suggests that twice weekly hemodialysis is safe for patients with modest residual kidney function. In fact, many patients starting dialysis likely have this degree of residual function (e.g., in the quarter prior to start of dialysis, median eGFR was 11.7 mL/min/1.73m 2 in 5,989 patients at Kaiser Permanente of Southern California), 23 and some experts suggest an "incremental" approach, whereby patients with sufficient residual function would initiate less frequent dialysis and gradually increase treatments per week as residual function declined. 22 Further they argue that such a strategy would prolong presence of residual function, the loss of which is a key determinant of mortality among patients on hemodialysis.
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CAN WE EMPLOY A LOWER FREQUENCY IN ABSENCE OF RESIDUAL KIDNEY FUNCTION?
Residual kidney function is certainly a key consideration in nephrologists' acceptance of the less frequent therapy; theoretically, a patient on hemodialysis with substantial residual concentration profiles for a patient on thrice weekly schedule without residual function and on a twice weekly schedule with residual function. The plots show the predicted BUN concentrations for a patient receiving hemodialysis on a thrice weekly (blue line) or twice weekly (red line) schedule, with each session being 3 hours in duration. The plots are made assuming a dialytic urea clearance of 234 mL/min, urea volume of distribution of 36 liters, fluid gain of 1 liter/day and urea generation rate of 7200 mg/day. The patient's hematocrit is assumed to be 33%. For a patient on thrice weekly dialysis with no residual renal function (blue line) the predicted average peak BUN concentration is 70 mg/dL and the timeaveraged BUN is 49 mg/dL. Similar BUN values would be achieved with a twice-weekly dialysis in a patient who had a residual urea clearance of 3.7 mL/min (red line), assuming all other parameters were the same. (b) Predicted BUN concentration profiles for a patient without residual function on a thrice weekly with an unrestricted diet and on a twice weekly schedule with dietary protein restriction. The plots show the predicted BUN concentrations for patients with no residual renal function receiving hemodialysis on thrice weekly (blue line) or twice weekly (red line) schedules, with each session being 3 hours in duration. The plots are made assuming a dialytic urea clearance of 234 mL/min, fluid gain of 1 liter/day, and urea volume of distribution of 36 liters. The patient's hematocrit is assumed to be 33%. For patients on thrice weekly dialysis with urea generation rates of 7200 mg/day (blue line) the predicted average peak concentration is 70 mg/ dL and the time-averaged BUN is 49 mg/dL. Similar BUN values would be achieved on a twice weekly dialysis schedule in patient who restricted protein intake such that the urea generation rate was 4810 mg/day (red line), assuming all other parameters were the same. That protein restriction can lower BUN levels is well established. The proposition that it reduces the production of toxic solutes sufficiently to allow twiceweekly dialysis to be clinically effective in patients without residual function remains to be tested. [Color figure can be viewed at wileyonlinelibrary.com] kidney function can easily reach the same time averaged urea clearance on twice weekly hemodialysis as a patient with little or no residual kidney function on thrice weekly hemodialysis (Figure 2a) . Residual kidney function can also protect persons on hemodialysis from complications associated with volume overload, with or without diuretic therapy.
However, in settings where patients pay for a large share of their therapy out-of-pocket, financial constraints can influence decisions regarding prescribed hemodialysis frequency. For example, in China, patients on a twice weekly hemodialysis schedule were less likely to have national health insurance or to have completed at least 12 years of schooling. 11 Fewer than 20% of patients on incenter hemodialysis are working in high-income countries. But without a social safety net, many more patients on dialysis in low-and middle-income countries (LMIC) are likely under obligation to work, and this may in turn lead to significant time and travel constraints as well. 26, 27 In such settings, even patients without substantial residual kidney function routinely undertake twice weekly hemodialysis.
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It has been assumed (but not proved) that patients on twice weekly hemodialysis with no residual kidney function do not receive "adequate" hemodialysis, based on the traditional, "urea-centric" approach to assessing dialysis dose. However, a twice weekly regimen may be acceptable if it adequately controls the levels of toxic solutes. 28 A major problem in addressing this question is that we have not identified the entire range of solutes that cause uremia. 8 Studies performed before dialysis became widely available showed, however, that reducing protein intake could ameliorate uremic symptoms. This suggests that the production of toxic solutes can be reduced by reducing protein intake, in which case the combination of twice weekly dialysis and protein restriction might control solute levels as effectively as thrice weekly dialysis without protein restriction ( Figure  2b ). In their NCDS paper that has since led to the development of Kt/V and urea clearance standards, Lowrie et al. also make this important caveat about how patients on a proteinrestricted diet may behave differently than those studied. 28 Additional considerations in attempting twice weekly dialysis in patients without residual function are restriction of sodium, fluid, potassium, and phosphate intake.
FINANCIAL IMPLICATIONS OF TWICE WEEKLY HEMODIALYSIS IN AN INTERNATIONAL CONTEXT
The vast majority of patients with ESRD in LMIC are unable to afford any hemodialysis. For example, in South Africa, only fifty percent of the patients with ESRD can initiate government-sponsored hemodialysis. 29 In India, nine out of ten patients with ESRD are unable to afford long-term renal replacement therapy.
Rather than exhausting the national budget on patients who can afford thrice weekly hemodialysis but have sufficient residual kidney function to do well on twice weekly, implementing an incremental strategy for dialysis frequency can extend dialysis therapy to more patients. In India, the total cost of hemodialysis (including the cost of the facility, therapy, and physician and staff salary) is approximately $16-$21 per session. 30 Hence, 1 year on a twice weekly schedule costs $1,733-$2,196 whereas 1 year on a thrice weekly schedule costs $2,600-$3,293. In Jordan, the cost of one session of hemodialysis is roughly $72; thus, it would cost $7,488 for one patient to be on twice weekly dialysis and $11,232 for the patient to be on thrice weekly dialysis for 1 year of therapy. 26 In simple qualitative terms, for every 2 patients who spend their first year of dialysis on twice weekly rather than thrice weekly therapy, one patient could receive a year of dialysis at no additional cost to the health care system.
Other strategies to increase the proportion of patients who need hemodialysis to be able to access it include encouraging living donation and starting all (or most) patients who qualify for peritoneal dialysis on this less expensive renal replacement therapy.
CONCLUSION
Hemodialysis is rarely prescribed on a twice weekly schedule for those seeking optimal therapy. Internationally, patients are typically on this regimen if they cannot afford conventional, thrice weekly therapy. In the United States, patients on twice weekly hemodialysis either have ample residual kidney function or do not seek aggressive therapy for quality of life reasons. Hence, data available on the twice weekly hemodialysis regimen are sparse and are drawn from observational studies. However, available data suggest that twice weekly hemodialysis may be effective. This seems certainly true for patients with residual kidney function and may be true for patients without residual function who are able to adhere to dietary restrictions. To better assess the therapeutic efficacy of the twice weekly hemodialysis schedule, we recommend a randomized control trial examining long-term survival, hospitalizations, and health-related quality of life for patients on twice versus thrice weekly hemodialysis therapy among patients with careful ascertainment of residual kidney function.
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